Reference genes are generally used as endogenous normalization factor for relative quantification of target genes in quantitative real-time PCR (qRT-PCR). The present work aimed at identifying suitable reference genes for normalization of qRT-PCR data in tissues of Eucalyptus tereticornis. The expression levels of housekeeping genes like Actin (EtAct2), Isocitrate dehydrogenase (EtIDH), ribosomal RNA (Et18s rRNA), SAND family protein (EtSAND), Histone protein (EtH2B), ␣-Tubulin (EtTUB), and eukaryotic initiation factor (EteIF4B) were studied to characterize their normalization stability in different tissues including young leaves, internodes, developing and mature xylem. The expression level of these genes was analyzed using different algorithms like geNorm, NormFinder and BestKeeper. Among the seven reference genes analyzed, EtAct2 was expressed with less variance and was found to be the most stable reference gene across different tissues using all the three programs, while the least stable gene identified was EtH2B. Further, the normalization efficiency of the reference genes were assessed to predict the expression levels of three primary cell wall specific cellulose synthase transcripts (EtCesAs) in E. tereticornis tissues. The relative expression of EtCesA4, EtCesA5 and EtCesA6 was determined to be 3-19 fold higher in leaf and internode tissues when compared to developing and mature xylem tissues. This study will allow accurate normalization of qRT-PCR experiments across different tissues in E. tereticornis for future genomic research in this tropical eucalypt species.
Introduction
The genus Eucalyptus (2n = 22) with more than 800 species is native to Australia and its neighboring islands and is grown across Australia, Asia, South America, Southern Europe and Africa (TURNBULL, 1999) . It is one of the widely planted hardwood species in the world because of its superior growth, adaptability and wood properties (FAO, 2005) . Eucalypts occupy 19.61 M hectares globally and India ranks second in area under eucalypts plantation (3.943 M ha) after Brazil (4.259 M ha) (IGLESIAS TRABADO and WILSTERMANN, 2008) . The major eucalypt species planted for use as raw material for paper and pulp industries include E. globulus, E. grandis, E. nitens, E. camaldulensis, E. urophylla, E. tereticornis, and E. viminalis (MAXWELL, 2004) .
Eucalyptus tereticornis Sm., commonly known as forest red gum has an extensive natural distribution from southern Papua New Guinea to southern Victoria of Australia (5°20'S -38°08'S). The species ranks among the most extensively planted Eucalyptus in the tropics and subtropics (ZOBEL et al., 1987; EVANS, 1992) . It has been introduced to several countries to provide wood for fuel, poles, construction and pulp. Its popularity is attributed to rapid growth and production of desirable wood in a wide range of environmental and soil conditions (Zobel et al., 1987) . Molecular studies in this species is restricted to the application of molecular markers for genetic diversity analysis in seed orchards, species identification and genetic/QTL mapping (BALASARAVANAN et al., 2005 , CHEZHIAN et al., 2010 GAN et al., 2003; MARQUES et al., 1998) . However, gene expression studies in E. tereticornis are sparse and genomic resources available in public domain databases are limited to few EST submissions (POKE, 2004) .
Reliable quantification of gene expression levels by qRT-PCR requires the standardization and fine-tuning of several parameters, such as amount of initial sample, RNA recovery and integrity, enzymatic efficiencies of cDNA synthesis and PCR amplification, overall transcriptional activity of the tissues or cells analyzed (GINZINGER et al., 2002) . Among various methods, internal control genes (reference genes) are most commonly used to normalize qRT-PCR data and reduce possible errors generated during quantification of gene expression (GINZINGER et al., 2002; HUGGETT et al., 2005) . Nevertheless, this method relies on the choice of appropriate control genes, which ideally has stable expression under different experimental conditions and in different tissues types.
The reference genes most widely used for qRT-PCR analysis in plant species include 18S rRNA, actin, tubulin, polyubiquitin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which have been commonly employed also in traditional methods of gene expression analysis such as northern blot, RNase protection test and conventional semi-quantitative RT-PCR (HUGGETT et al., 2005) . However, several reports have shown that the most widely used housekeeping genes (HKG) are not reliable controls, since their expression level varies with tissues and experimental conditions, making them unsuitable for normalization of gene expression data (SELVEY et al., 2001; CZECHOWSKI et al., 2005; GUTIERREZ et al., 2008; BUSTIN, 2002; BUSTIN and NOLAN, 2004; LEE et al., 2001; SUZUKI et al., 2000) as they participate in cellular functions (ISHITANI et al., 1996) . Thus, it is nec- (REID et al., 2006; BRUNNER et al., 2004) .
Selection and validation of reference genes for real-time qRT-PCR normalization in different tissues of Eucalyptus tereticornis
Hence, the present study was undertaken to identify suitable reference gene(s) for normalization of qRT-PCR data. Further, the differential expression of primary cell wall specific cellulose synthase transcripts were analyzed in different tissues using the most stable reference gene combination for data normalization. This study will provide a reference in future for conducting qRT-PCR analysis in E. tereticornis tissues.
Material and Methods
One gram tissue was harvested from fifteen year old E. tereticornis tree (South of Helenvale Provenance, CSIRO seed lot no. 12944) maintained at the seed orchard at Karunya Research Station, Coimbatore, India. The tissues used for this study included leaves, internodes, developing xylem (1.5 cm of the soft wood) and mature xylem tissues (3.0 cm of the soft wood). All tissues were sourced from the same tree. Fresh tissues were harvested and immediately frozen in liquid nitrogen and stored at -80°C until RNA isolation.
Total RNA isolation and cDNA synthesis
RNA was extracted from all the tissue samples (100 mg) using an in-house protocol (Patent Pending). The integrity of RNA samples were assessed in 1% (w/v) agarose gel electrophoresis followed by purification using Nucleospin RNA Cleanup kit (Machery Nagel, Germany) following the manufacturer's protocol. The quantity and purity of RNA was quantified in NanoDrop-ND1000 spectrophotometer (Thermo Fisher Scientific Inc., USA). Subsequently, total RNA was treated with RNase free DNase I (Fermentas, USA) according to the manufacturer's protocol and first strand cDNA was synthesized from all tissues using cDNA synthesis kit (Fermentas, USA) with 10 µm oligo dT primer and random hexamer (used only for18s rRNA) and 500ng of purified total RNA followed by incubation at 37°C for 60 min and inactivation at 65°C for 5 min. The concentration of cDNA was also quantified using Nanodrop-ND 1000 (Thermo Fisher Scientific Inc, USA).
Selection of endogenous reference gene for qRT-PCR
A set of seven reference genes were selected for the study and primer pairs were synthesized for Actin (EtAct2) ␣-Tubulin (EtTUB) and eukaryotic initiation factor (EteIF4B) (BAOVA et al., 2010) , 18srRNA (Et18s) (OLBRICH et al., 2008) and NADP Isocitrate dehydrogenase (EtIDH), SAND protein (EtSAND) and Histone protein (EtH2B) (DE ALMEIDA et al., 2010) for qRT-PCR analysis (Table 1) . Initially, PCR amplification was conducted in the first strand cDNA derived from different tissues to determine the cross amplification of primer pairs in E. tereticornis. The PCR reaction included 200ng of cDNA, 10 µM forward and reverse gene specific primers, 1 µl of 10x Taq buffer, 1 unit of Prime Taq polymerase (Genetbio, Korea), 0.4 µl of 2.5mM dNTP mix (Sigma, USA) in a 10 µl reaction and amplified with the following program: 94°C for 5min, 30 cycles of 94°C for 1 min, 58°C for 30 seconds, 72°C for 2 min and final extension at 72°C for 7 minutes in Veriti 96 well Thermal cycler (Applied Biosystems, USA). The PCR products were checked for amplification using 1% (w/v) agarose gel electrophoresis and sequenced.
Amplification of primary cell wall specific cellulose synthase (EtCesA) transcripts in E. tereticornis tissues
Total RNA was isolated from the internode tissues using the in-house protocol and cDNA was synthesized as described above. Primer pairs targeting the CSR II region of EtCesA genes expressed in primary cell wall (EtCesA4, CesA5 and EtCesA6) were synthesized (Sigma Aldrich Ltd, USA) based on the earlier report from E. grandis by RANIK and Myburg (2006) ( Table 1) . Approximately, 200 ng of cDNA was used as template in 10 µl reaction mixture and products were amplified using the program: 94°C for 5 min, 30 cycles of 94°C for 1 min, 58°C for 30 seconds, 72°C for 2 min and final extension at 72°C for 7 minutes in Veriti 96 well Thermal cycler (Applied Biosystem, USA). The PCR products were analyzed on 1% (w/v) Agarose gel and sequenced.
qRT-PCR of endogenous reference genes and EtCesA transcripts
The qRT-PCR reactions were performed in fast optical reaction tube (Microamp-Applied Biosystems,USA) and 25 µl reaction included 11.5 µl Milli-q water, 200 ng of cDNA, 12.5 µl SYBR Green PCR Master Mix (Applied Biosystems, USA), 0.5 µl each of 200 nM forward and reverse primer. A negative control with water (instead of template cDNA) was also included. All reactions were conducted in three independent technical replicates in ABI PRISM 7500
Step one plus Sequence Detection System (Applied Biosystems, USA) using the following program: one cycle of 95°C for 10 min; 40 cycles of 95°C for 15 sec and 60°C for 1 min. The melting curve was determined for each primer pair to confirm the specificity of the amplified product.
Statistical analysis for stability of gene expression
The expression level and stability of seven endogenous genes in different tissues were evaluated with three statistical programs including geNorm (VANDESOMPELE, 2002) downloaded from GenEX standard software (http://GenEx.gene-quantification.info), Normfinder Version 0.953 (ANDERSEN, 2004) downloaded from (http://www.mdl.dk/publicationsnormfinder.html) and BestKeeper version1 (PFAFFL et al., 2004) downloaded from (http://www.gene-quantification.de/bestkeeper.html). Expression levels were assessed based on the number of amplification cycles needed to reach a fixed threshold (Cycle threshold-Ct) in the exponential phase of PCR.
In the first approach, Ct values were converted to relative quantity (log transformed) using sample with low- 
Determination of relative expression of primary cell wall specific cellulose synthase transcripts
The relative expression profiles of EtCesA4, EtCesA5 and EtCesA6 were analyzed in different tissues of E. tereticornis (leaf, internodes, developing xylem and mature xylem). The relative expression analysis was obtained through the delta-Ct method using EtAct2 as endogenous control and EtSAND as the calibrator. Analysis was also conducted using EtAct2 in combination with other reference genes to determine the most stable gene combination.
Results and Discussion
Cross amplification of reference genes in E. tereticornis PCR amplification was conducted for all the seven reference genes in the first strand cDNA derived from all tissues to determine the cross amplification of primer pairs in E. tereticornis. The amplicon size ranged from 150bp to 250 bp ( Table 1 ). The amplicon size of EtAct, EtTUB, and EteIF4B were comparable to their orthologs from E. grandis hybrids as reported by BAOVA et al. (2010) , while the amplicons size of EtSAND, EtIDH and EtH2B were comparable to E. globulus (DE ALMEIDA et al., 2010) . The amplicon sequences showed significant similarity to their respective orthologs (actin, tubulin, eIF4B, SAND, IDH, 18s rRNA and H2B) from other plant species and the sequences were submitted to NCBI (GenBank accession numbers are given in Table 1 ). 
Normalization of reference gene in qRT-PCR
In the present study, the geNorm software predicted that the M value was lowest for EtAct2 (1.10147) and EtSAND (1.10147) indicating that they were the most stably expressed gene pair across four different tissues, while the least stable gene was EtH2B with highest M value of 3.33819 (Table 1; Fig. 1) . Similarly, Normfinder analysis revealed EtAct2 (1.0875) as the best reference gene with lowest stability value ( Table 2 ) and EtAct2 and EtTUB was predicted as the best combination of genes with a stability value of 1.1207 (data not shown). BestKeeper program calculated the gene with the lowest variation as EtAct2 with standard deviation (± CP) of 0.60, while the highest variation was observed using EtH2B with standard deviation of 3.98 (data not shown). All the three programs revealed EtAct2 as the best reference gene for normalization experiments in tissues of E. tereticornis ( Table 2 ).
In Populus hardwood cuttings, 18srRNA along with Ef1a gene were found to be the most appropriate reference gene for expression studies during adventitious rooting (XU et al., 2011) while in Peach (Prunus persica), polyubiquitin, translation elongation factor (TEF2) and RNA polymerase II (RPII) were selected as reliable reference gene across different developmental stages and tissues (TONG et al., 2009 ). However, in European Beech (Fagus sylvatica), Act2 was identified as the most stable housekeeping gene during biotic and abiotic stress condition (OLBRICH et al., 2008) . In Quercus suber, selection and validation of ten candidate reference genes were carried out in different tissues and experimental conditions and Act and CACs (Clathrin adaptor complexes medium subunit family) were reported as the most stable genes (lowest M value of 0.462), followed by EF-1a (M value of 0.525) using geNorm and NormFinder algorithm (MARUM et al., 2012) . In all the above reports, a set of five to seven reference genes were evaluated for their suitability in gene expression studies.
In eucalypts, several studies on differential expression of genes using qRT-PCR are reported, but most of the studies have adopted only one endogenous reference gene for normalization, without screening for suitable reference genes. In E. globulus, EgIDH (Isocitrate Dehydrogenase) gene was used as candidate reference gene for differential expression of target gene expression in secondary xylem and root (GOICOECHEA et al., 2005; LEGAY et al., 2007) , while in E. grandis, Arf (ADP ribosylation factor) was used for normalizing the differential expression of primary and secondary cell wall specific cellulose synthase genes (RANIK and MYBURG, 2006) . However, selection of reference genes was performed for normalization studies in E. globulus, where Histone (H 2 B) and tubulin (Tub) were reported to be the best reference genes to understand the gene expression during adventitious rooting (DE ALMEIDA et al., 2010) , while polyubiquitin C (UBC), ␣-tubulin (␣-TUB) and elongation factor 1-␣ (EF1-a) were reported as the most stable genes across cold acclimation and de-acclimation treat- (FERNANDEZ et al., 2010) . EgIDH was identified as the most stably expressed reference gene in Eucalyptus hybrid clones (E. grandis ϫ E. urophylla), subjected to biotic and abiotic stress condition (BOAVA et al., 2010) .
In the present study, seven genes were tested for their suitability as reference gene and EtAct2 was identified as the most stable gene across different tissues and along with EtSAND as the best gene combination for qRT-PCR analysis. This is the first report in Eucalyptus where actin was found to be the most suitable gene for normalization of qRT-PCR experiments.
Relative expression of primary cell wall specific cellulose synthase transcripts using selected reference genes All the three CesA genes including EtCesA4, EtCesA5 and EtCesA6 transcripts were amplified in the internode tissues with amplicon size of 350bp, 400bp and 400bp respectively ( Table 1 ). The amplicons were sequenced and the sequences showed significant similarity to their orthologs from E. grandis with an E-value of 2e-10, 2e-08 and 8e-50 for EtCesA4, EtCesA5 and EtCesA6 respectively and the sequences were submitted to NCBI (GenBank Accession No. given in Table 1 ).
The relative expression of EtCesA4, EtCesA5 and EtCesA6 was analyzed using EtAct2 (most stable reference gene) in combination with other reference genes. When EtAct2 was used as reference gene in combination with EtSAND, the relative expression profile of EtCesA4 was 8 and 15 fold higher in leaf and internode tissues respectively when compared to developing xylem and mature xylem. Similarly, the expression of EtCesA5 and EtCesA6 were 8 to 19 fold and 3 to 7 fold higher in leaf and internode tissues, indicating that all three genes were predominantly expressed in primary cell wall of E. tereticornis (Fig. 2) . Nevertheless, when EtAct2 was used in combination with EtH2B (least stable reference gene), the relative expression of EtCesA genes varied from 1.8 to 90 fold in leaf and internode tissues while in developing xylem and mature xylem the relative expression was 0.3 to 15 fold, revealing its unsuitability for normalization of qRT-PCR data in E. tereticornis tissues ( Table 3 ).
The cellulose synthase (CesA) and cellulose synthase like (Csl) genes are among the most important players involved in the biosynthesis of plant cell wall, which are mainly composed of biopolymers such as celluloses, hemicelluloses, pectins and lignins (DOBLIN et al., 2002 , JOSHI, 2003 . Specialized plant cells (e.g., xylem and phloem fibers) sequentially deposit primary and secondary cell wall that differ significantly in the quantity and quality of cellulose. Recent studies in several higher plant species have demonstrated that two groups of CesA gene families exist which are associated with either primary or secondary cell wall deposition as reported in E. grandis (RANIK and MYBURG, 2006; LU et (JOSHI et al., 2004) , Arabidopsis thaliana (ARIOLI et al., 1998; FAGARD et al., 2000) , Pinus taeda (NAIRN and HASELKORN, 2005) , Gossypium hirsutum (KIM et al., 2012) , Solanum tuberosum (OBEMBE et al., 2009) and Bambusa oldhamii (CHEN et al., 2010) .
In Eucalyptus grandis, the differential expression patterns of CesAs were analyzed in different tissues and three primary (CesA4, 5 and 6) and three secondary cell wall specific CesAs (CesA1, 2 and 3) were reported. The expression of EgCesA4 was about three fold more abundant in unfolding leaves than in immature xylem while the expression of EgCesA6 was very low in all tissues (RANIK and MYBURG, 2006) . Similarly, in the present study, EtCesA4 also expressed 8 and 15 fold higher in leaves and internode tissues respectively, while expression of EtCesA5 was 8 and 19 folds higher in leaf and internode tissues when compared to developing and mature xylem. However, in the present study the relative expression of EtCesA6 was 7 fold higher in leaf tissues which was in variance with its expression levels in E. grandis, where no significant expression was reported (RANIK and MYBURG, 2006) . This could be attributed to the age of the tree sampled in both the studies, where in the tissues were sourced from a fifteen year old tree in E. tereticornis in comparison to a four year old tree sampled in E. grandis. In woody species, the physiological and phenotypic changes associated with age and developmental stages are well documented with precise differential gene expression with advancing age (DAY et al., 2002) . Recently, in Pinus radiata, the variations in expression of 174 genes were studied to understand the loss of morphogenetic capacity with the aging process (ALVAREZ et al., 2011) . However, there are no specific reports on the differential expression of cellulose synthase genes with tree age.
In conclusion, the identification of stable reference genes for normalization of qRT-PCR experiments will enable reliable estimation of gene expression in tissues of E. tereticornis, a predominant pulpwood species in tropical and sub tropical countries.
